Orthologous proteins of species adapted to different temperatures exhibit differences in stability and function that are interpreted to reflect adaptive variation in structural "flexibility." However, quantifying flexibility and comparing flexibility across proteins has remained a challenge. To address this issue, we examined temperature effects on cytosolic malate dehydrogenase (cMDH) orthologs from differently thermally adapted congeners of five genera of marine molluscs whose field body temperatures span a range of ∼60°C. We describe consistent patterns of convergent evolution in adaptation of function [temperature effects on K M of cofactor (NADH)] and structural stability (rate of heat denaturation of activity). To determine how these differences depend on flexibilities of overall structure and of regions known to be important in binding and catalysis, we performed molecular dynamics simulation (MDS) analyses. MDS analyses revealed a significant negative correlation between adaptation temperature and heat-induced increase of backbone atom movements [root mean square deviation (rmsd) of main-chain atoms]. Root mean square fluctuations (RMSFs) of movement by individual amino acid residues varied across the sequence in a qualitatively similar pattern among orthologs. Regions of sequence involved in ligand binding and catalysis-termed mobile regions 1 and 2 (MR1 and MR2), respectively-showed the largest values for RMSF. Heat-induced changes in RMSF values across the sequence and, importantly, in MR1 and MR2 were greatest in coldadapted species. MDS methods are shown to provide powerful tools for examining adaptation of enzymes by providing a quantitative index of protein flexibility and identifying sequence regions where adaptive change in flexibility occurs.
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adaptation | amino acid sequence | evolution | malate dehydrogenase | molecular dynamics simulations T emperature has a strong imprint on protein evolution: Orthologous proteins of species evolved at different temperatures commonly exhibit temperature-adaptive differences in function and structural stability (1) (2) (3) (4) (5) (6) . One of the central concepts used to link structure and function in the context of adaptation to temperature has been protein "flexibility," qualitatively defined as the ease with which a protein can alter its conformation during function or in response to a change in temperature (3, (6) (7) (8) (9) . In vivo studies of intact cells using neutron scattering methods (10) and in vitro and in silico analyses of individual proteins using a variety of physical and biochemical techniques have provided evidence for higher flexibility in cold-adapted proteins (1) (2) (3) (4) (5) (6) (7) (8) (9) . These intrinsic differences in flexibility are hypothesized to lead to similar flexibilities at normal cell temperatures-i.e., to the conservation of "corresponding states" of structure that represent an optimal balance between stability and flexibility (1, 3) . This hypothesis is closely tied to the concept that proteins exist in an ensemble of conformational microstates within which the distribution of functional and nonfunctional (or less functional) conformations varies with temperature (1, 11, 12).
Measuring rates of heat denaturation by orthologous proteins is the most common experimental approach that has been used for comparing structural stabilities. Although the differences in denaturation rate observed among orthologs are consistent with adaptation, these differences are at best only an indirect measure of flexibility. Furthermore, heat denaturation data cannot elucidate how flexibility varies among different regions of the protein, especially regions involved in binding and catalysis, where reversible changes in protein conformation may be especially critical. Thermal distortion of these regions could have negative effects on function; thus, adaptive variation in flexibility in these regions might be of particular selective importance in adaptation to temperature. This prediction is based in part on the fact that binding and catalysis commonly involve large changes in enzyme conformation (e.g., ref. 13); thus, thermal perturbation of these conformational changes could be a critical selective factor in adaptation to temperature (14) . A related aspect of protein flexibility pertains to the catalytic rate constant (k cat ). For certain enzymes-e.g., members of the 2-hydroxy-acid dehydrogenase family to which malate dehydrogenase (MDH) and lactate dehydrogenase (LDH) belong-the active site-specific rate of the reaction-the k cat value-depends on the rate of conformational Significance Analysis of structural and functional properties of cytosolic malate dehydrogenase (cMDH) orthologs of five genera of marine molluscs adapted to an ∼60°C range of temperatures reveals the role of protein flexibility in adaptation to temperature. Molecular dynamics simulation (MDS) analysis reveals proteinwide as well as local adaptation in flexibility. Sequence regions involved in binding and catalysis show significant interspecific, temperature-related differences in flexibility. MDS analysis is shown to provide a powerful means of examining adaptive change in protein evolution at different temperatures.
changes during catalysis (9, 13) . The higher k cat values of orthologs of cold-adapted species relative to those of warm-adapted species have been conjectured to reflect a higher intrinsic level of enzyme flexibility (7, 9) .
The goals of the present study were to provide clearer and more quantitative linkages between temperature-adaptive changes in kinetic properties, thermal stability, and structural flexibility. For this analysis, we examined orthologs of a single, well-studied protein, the cytosolic paralog of MDH (cMDH) (EC 1.1.1.37), from five genera of marine molluscs, within each of which congeners adapted to different temperatures occur. The species selected for this study have widely different body temperatures, from lows <0°C for north temperate species to highs near ∼55°C for tropical species from rocky intertidal habitats (Fig. S1 ). This group of species seemed likely to provide a good study system for elucidating adaptive changes and for revealing possible patterns of convergent evolution among the species of the different genera.
To go beyond the analytical approaches used in most previous studies of temperature-driven protein evolution, we used molecular dynamics simulation (MDS) methods to characterize global protein flexibility, as measured by the root mean square deviation (rmsd) of the movement of backbone atoms, and residue-specific flexibility, as measured by the root mean square fluctuation (RMSF) of each residue in these ∼330-residue enzymes (15) (16) (17) (18) (19) . Our criterion for quantifying flexibility was thus the amount of change (measured in angstroms) in movement throughout the entire protein (rmsd) and by individual amino acid residue (RMSF) atoms that occurs when temperature is increased. In our RMSF analysis, we were particularly interested in comparing interspecific differences in the regions of the enzyme that undergo large changes in conformation during function and serve key roles in ligand binding and catalysis (20) . We conjectured that the thermal sensitivities of the flexibility of these regions would provide insights into interortholog differences in temperature effects on function-notably, binding of cofactor (NADH), as indexed by the Michaelis-Menten constant (K M NADH ). Ligand binding events are known to be critical in adaptation of enzymes to temperature (1, 2); thus, thermal distortion of ligand binding sites or perturbation of the conformational changes that accompany ligand binding could be reflected in the RMSF characteristics of the regions of the enzyme that are critical for catalytic activity. Our study exploits MDS approaches in comparisons of orthologs of differently adapted congeners from several genera, and it illustrates the utility of these in silico approaches in the study of protein evolution.
Results
Temperature Effects on K M NADH and Resistance to Heat Denaturation. ) (Left) and heat-induced loss of activity (Right) for 12 cMDH orthologs of five sets of congeners. Field body temperatures of the 12 species range between ∼55°C (Echinolittorina congeners) to slightly less than 0°C (Chlorostoma congeners) (biogeographic distributions of the species are given in Fig. S1 ). Within each genus, orthologs of the more warm-adapted congener(s) exhibited lower values of K M NADH (an intrinsically higher cofactor binding affinity) at a common temperature of measurement, especially at higher temperatures, and the increase in K M NADH with increasing temperature of measurement was generally lower in warm-adapted orthologs as well. This pattern of variation in temperature/K M relationships is typical for many enzymes (1, 2) .
In parallel with these interspecific differences in thermal effects on function, the rates of heat denaturation were generally lowest in orthologs of the most warm-adapted species within a genus (Table S1 presents slopes of activity loss during heating). These intercongener differences are illustrated well by cMDHs of turban snails [genus Chlorostoma (formerly Tegula)] which occur at common sites, but at different heights along the subtidal to high intertidal transect. The subtidal species Chlorostoma montereyi is most heat-sensitive, followed by the low intertidal species Chlorostoma brunnea and the midzone intertidal species Chlorostoma funebralis and Chlorostoma rugosa. Orthologs of the tropical genera Echinolittorina and Nerita, which include speciese.g., Echinolittorina malaccana-whose body temperatures are among the highest recorded for eukaryotes (21, 22) , have much higher thermal stabilities than orthologs of two temperate genera, Lottia and Chlorostoma, which generally occur either subtidally or in the mid-to low intertidal zone. Orthologs of the two temperate-zone Littorina congeners, which are found higher in the intertidal zone than congeners of Lottia and Chlorostoma, are of intermediate stability.
MDS: Temperature-Correlated Differences in Global and Localized
Flexibility. MDS procedures were used to evaluate global flexibility of structure and localized flexibility of individual amino acid residues throughout the ∼333-residue sequence. rmsd analysis reflected the average amount of movement of backbone atoms throughout the entire protein structure. As shown in Fig. 2A and Tables S2 and S3 , at a low simulation temperature of 15°C, there was relatively little interspecific variation in rmsd. For all sets of congeners, rmsd values ranged between 2.549 Å (C. brunnea) and 1.885 Å (E. malaccana) at 15°C. The only significant difference within a genus was found between C. brunnea and C. montereyi (P = 0.0119). However, when the simulation temperature was ) (Left) and time-dependent loss of activity (Right) for 12 orthologs of cMDH from five genera of marine molluscs (mean ± SEM, n = 5, genus Echinolittorina; mean ± SEM, n = 3, genus Nerita; mean ± SEM, n = 3, genus Lottia; mean ± SEM, n = 3, genus Littorina; mean ± SEM, n = 3, genus Chlorostoma). Approximate upper lethal temperatures for the species are E. malaccana (55°C), Echinolittorina radiata (52°C), Nerita albicilla (50°C), Nerita yoldii (50°C), L. austrodigitalis (41°C), L. digitalis (40°C), Littorina keenae (48°C), Littorina scutulata (45°C), C. rugosa (∼45°C), C. funebralis (42°C), C. brunnea (36°C), and C. montereyi (36°C). (See Fig. S1 for biogeographic information and sources of thermal tolerance data. Slopes of rates of loss of activity are given in Table S1 ).
increased to 42°C-a temperature commonly experienced by congeners of Echinolittorina and Nerita, but several degrees greater than the thermal ranges of congeners of Littorina, Lottia, and Chlorostoma-significant differences (P < 0.05) in rmsd were found among genera and congeners. Thus, the increase in rmsd, ΔRMSD, when simulation temperature was increased from 15 to 42°C was inversely related to the thermal tolerance limits (LT 50 ) of the species (Fig. 2B ) and, as expected from the thermal denaturation relationships shown in Fig. 1 , positively correlated with the rate of denaturation of the cMDH orthologs (Fig. 2C) . In summary, it was the change in rmsd with rising temperature, not the value of rmsd per se at a relatively low temperature (15°C), that provided an index of differences in global protein stability among orthologs. Tables S2 and S3 summarize the averaged-across-sequence RMSF values obtained at 15 and 42°C for 11 of the 12 species for which data are given in Fig. 1 . With the exception of the cMDHs of the congeners of Chlorostoma, there were few significant interspecific differences (P < 0.05) in temperature effects on average RMSF. However, there are two further ways of analyzing the RMSF data that lead to clearer insights into temperature effects on enzyme flexibility and adaptive differences in stability among orthologs. First, a residue-by-residue analysis showed that there was a large amount of residue-specific variation in individual residue movement across the sequence (Fig. 3) . Data at simulation temperatures of 15 and 42°C are presented for the sequences of the species occurring at highest (Echinolittorina congeners) and lowest (Chlorostoma congeners) field temperatures. In these four orthologs, as in the orthologs of all 11 species so examined, the highest RMSF values were found in two regions of the enzyme known to play important roles in function: residues 91-101, which comprise the catalytic loop region that folds onto the catalytic site during ligand binding, and residues 230-245, which are involved in catalysis (19, 22) . In the closely related 2-hydroxy-acid dehydrogenase LDH, the homologous regions are described as "mobile regions" (MRs) by Coquelle et al. (23) and "major movers" by Gerstein and Chothia (13) . We use the abbreviation MR in the discussion to follow and include residues 90-105 in MR1 and residues 230-245 in MR2.
A second metric for comparing the RMSF responses of orthologs is shown in Table 1 and Fig. 3 C and D. A value of ΔRMSF >0.5 Å was used as the threshold value of ΔRMSF that indicates a significant change in structural movements (24) . The specific residues exhibiting this degree of change in RMSF are listed in Table 1 . The number of residues showing a ΔRMSF > 0.5 Å correlated strongly with enzyme thermal stability. These interortholog differences indicated that increases in temperature not only cause larger average ΔRMSD in cold-adapted orthologs (Fig. 2) , but also lead to larger increases in the number of residues that fluctuate in position by > 0.5 Å in the cold-adapted proteins. Residues located in MR1 and MR2 also show significant interspecific differences ( Fig. 3 E and F and Table 1 ). In cold-adapted orthologs, there were generally a larger number of residues in these functionally important regions exhibiting a ΔRMSF > 0.5 Å. Interortholog variation was also noted in the relative effects of increasing temperature on MR1 vs. MR2; for some orthologs, MR1 was more sensitive than MR2, whereas for other orthologs, the opposite pattern was observed (Table 1) . (26) . We hypothesized that the functional properties associated with these large changes in protein conformation during formation of the ternary (enzymecofactor-substrate) complex would be inherently sensitive to temperature and subject to natural selection for adaptive change. As shown by data in Fig. 1 , cofactor binding affinity, as indexed by
, is perturbed by changes in experimental temperature for all orthologs, but distinct interspecific patterns are shown. The orthologs of warm-adapted congeners generally show smaller increases in K M NADH with rising measurement temperature than more cold-adapted orthologs, especially at the upper end of the range of measurement temperatures. In parallel with the results of the kinetic studies, resistance to heat denaturation is almost always higher in orthologs of warm-adapted congeners. The similar patterns of adaptive variation found among congeners provide an illustration of convergent evolution at the protein level (2) .
To develop a mechanistic explanation for the interspecific differences in effects of temperature on K M NADH , we employed MDS approaches to investigate whether the movement of the protein backbone throughout the enzyme was differentially sensitive to a rise in temperature from 15 to 42°C between orthologs (ΔRMSD analysis) and if specific regions of the enzyme known to be critical for binding and catalysis showed differential responses as well (ΔRMSF analysis). The rmsd analyses shown in Fig. 2 and summarized in Tables S2 and S3 show that overall stability of cMDH structure is reflected in the extent to which the increase in simulation temperature altered average amounts of protein backbone movements throughout the subunit structure. At 15°C, the orthologs exhibited relatively similar values for rmsd and no consistent trends related to adaptation temperature were evident. However, despite similar rmsd values at 15°C for the molluscan cMDHs, when the simulation temperature was increased to 42°C, the amount of change in rmsd (ΔRMSD) was inversely related to adaptation temperature, as indexed by the thermal tolerances of the species (Fig. 2C) and resistance of the orthologs to denaturation (Fig. 2D) . In summary, in silico ΔRMSD analyses allow a precise measurement of protein thermal stability and may provide a more accurate measure of evolutionary differences in stability than in vitro heat denaturation experiments, which can be influenced by factors like protein aggregation in addition to intrinsic stability of the protein per se (9) .
A more detailed analysis of structural stability relationships was gleaned from RMSF analyses, which allowed a residue-byresidue measurement of temperature effects on structural movements. Mobility differences noted through RMSF analysis mirrored those obtained through measurement of temperature factors (B factors) in crystallographic studies of protein structure A ΔRMSF >0.5 Å is used as the threshold for defining a significant difference. The residues occurring in MR1 (residues 90-105) are shown in bold, and those in MR2 (residues 230-245) are underlined. (20) . RMSF spectra (Fig. 3) showed similar patterns among orthologs. In agreement with other studies of MDH and LDH, the largest amounts of structural fluctuation occurred in regions known to be involved in ligand binding and catalysis-notably, the catalytic loop region (residues 91-101 in the numbering system that includes the N-terminal methionine residue) and the catalytic region (residues 233-245). Substrate binding occurred from residues 93-99 within the catalytic loop. In both of these functionally important regions, there is a high degree of conservation of sequence among orthologs in both LDHs and MDHs (2, 27, 28) . Based on the high degree of sequence identity in these two key regions, we conjecture that the adaptive differences in thermal stability of NADH binding are likely to be due to sequence differences outside of MR1 and MR2. Thus, we propose that the sites of this adaptive variation in flexibility lie principally in regions of the sequence that influence the conformational stabilities of the MRs themselves and/or the energy changes that occur during formation of the ternary complex-notably, the collapse of the catalytic loop during cofactor binding.
The data in Table 1 provide a basis for interpreting the sensitivities of NADH binding to temperature. MR1 and MR2 both show a general increase in flexibility, as indexed by the number of residues showing ΔRMSF values >0.5 Å, as adaptation temperature decreases. Thus, for the most warm-adapted species, E. malaccana, only three residues in the two MRs showed significant change. In contrast, for the most cold-adapted species, C. montereyi, 21 residues in MR1 and MR2 showed significant change. These differences reflect the trends for total number of residues shown in Fig. 3 . We interpret the effects of rising temperature on K M NADH to reflect increases in the fraction of binding-incompetent conformations of the enzyme as temperature rises, with cold-adapted orthologs showing the greatest increase. This interpretation is consistent with the concept of conformational microstates (11) and their role in governing protein activity. Only a fraction of the possible suite of microstates will have the geometry required for ligand (here, NADH) recognition, and, as temperature rises, the fraction of bindingcompetent microstates decreases. The increase in bindingincompetent microstates with rising temperature is conjectured to be indexed by the number of residues in MR1 and MR2 that show ΔRMSF values > 0.5 Å. Moreover, as shown in Table 1 , residues lying adjacent to one or both of the MRs also showed significant changes in ΔRMSF with rising temperature in coldadapted species. This suggests that larger fractions of sequence in catalytically important regions of the enzyme become more mobile in these species as temperature rises. The MR2 of the ortholog of C. montereyi, a cold-adapted species, provided an illustration of this expanded region of high mobility; several sites in the sequence bordering each side of MR2 showed enhanced flexibility with rising temperature.
Differences in flexibility of the MRs may also underlie temperature-adaptive interortholog differences in k cat values. Whereas we did not measure the k cat values of the cMDH orthologs in this study, previous work on cMDH and LDH has shown that k cat varies inversely with evolutionary adaptation temperature (2, 9). Lower energy costs for the rate-determining conformational changes that occur during catalysis have been conjectured as responsible for this trend. The observed interspecific differences in flexibility of the catalytically important MRs of the enzyme are consistent with this hypothetical mechanism.
Identifying the specific amino acid substitutions that are responsible for the interortholog differences in ΔRMSF in MR1 and MR2 can be done with varying degrees of confidence. The clearest cause-effect linkage is for the two congeners of Lottia, whose cMDHs differ by only a single substitution: At position 291, the serine in the ortholog of the more heat-tolerant species, Lottia austrodigitalis, is replaced by a glycine in the ortholog of Lottia digitalis (27) . Even though this site in the sequence falls well outside of MR1 and MR2, it appears to affect the temperature sensitivity (ΔRMSF) of both MRs. The differences in ΔRMSF of the MRs, which may be due to the occurrence of additional hydrogen bonds in the cMDH of L. austrodigitalis, appear to provide a good illustration of the effects of transmitted conformational effects through large regions of the protein, in keeping with the analysis of Gerstein and Chothia (13) and others (28) . In congeners of Echinolittorina, only two differences in sequence were found (positions 48 and 114) (21) . Thus, as in the case of the congeners of Lottia, differences in flexibility of MRs may be influenced by amino acid substitutions that fall outside of MR1 and MR2.
In summary, our combined use of in vitro methods (kinetic experiments and thermal stability analyses) and in silico MDS analysis has provided further insights into the mechanisms by which orthologous proteins become adapted for function in widely different thermal conditions. Most prior studies that used MDS methods to examine temperature effects on proteins compared distantly related species (7, (29) (30) (31) (32) ; our work, with 12 differently adapted congeners belonging to five molluscan genera, allowed a multilineage analysis of convergent adaptation in flexibility. We show that protein flexibility as indexed by ΔRMSD and ΔRMSF is a common outcome of adaptive changes in amino acid sequence and that regions involved in large conformational changes during binding and catalysis are especially important features of the adaptive response. Our data support the microstate ensemble model of protein structure (11) , which postulates rapid and temperature-sensitive interconversion of conformational microstates and a shift toward an ensemble with fewer ligand-binding-competent microstates with high or low extremes of temperature (1) . It has been conjectured that the intensity of natural selection on proteins evolving at different temperatures may be governed by the types and magnitudes of conformational changes that are necessary for function (14) . If this is the case, then the types of flexibility-modulating adaptations described for cMDHs may be common among many, but possibly not all, classes of enzymes. Investigations of other sets of orthologous proteins from species adapted to widely different ranges of temperature seem warranted to test the generality of the observations made in this and earlier studies (2) . In vitro and in silico studies of these "naturally occurring mutants" could complement studies of laboratory-created mutants (29) and yield deeper insights into the processes of protein evolution across the proteome and provide a better understanding of how changes in sequence translate into adaptive modifications of protein function and structure.
Materials and Methods
Determination of K M NADH and Rates of Heat Denaturation. Enzyme preparation involved ammonium sulfate precipitation of heat-treated homogenates (heating removed the thermally labile mitochondrial paralog, mMDH) to isolate a cMDH-rich protein fraction (27) . Dialyzed aliquots of the ammonium sulfate-precipitated proteins were used for assays. Binding of NADH to cMDH was indexed by the apparent Michaelis-Menten constant, K M NADH (27) . K M NADH values were calculated from the initial velocities of the reaction at each NADH concentration by using Prism software (Version 5.0; GraphPad Software). Thermal stabilities were measured as described by Fields et al. (33) . Dialyzed enzyme preparations were heated at 42.5°C for different periods of time. Aliquots were removed and assayed for residual cMDH activity. See SI Materials and Methods for more details.
Sequencing of cMDH cDNA. To obtain the data needed for the MDS analyses, we sequenced all of the cMDH orthologs that had not previously been sequenced. The protocols used for sequencing the cDNAs followed those of Fields et al. (33) , Dong and Somero (27) , and Liao et al. (21) . The cDNA sequences were assembled by using DNAMAN software (Lynnon Biosoft), and the deduced amino acid sequences were aligned by using the ClustalX2 algorithm (34) . See SI Materials and Methods for more details.
Molecular Modeling of cMDH cDNA. By using the sequence data, 3D models were constructed by the I-TASSER server with a high C-score level (∼1.6). Cscore is a confidence score for estimating the quality of predicted models by I-TASSER, which is typically in the range between −5 and 2, and a higher value signifies a model with a high confidence (35) .
Molecular Dynamic Simulation of cMDH. Computed 3D structures constructed as described above were used as the starting models of the simulations. Simulations were performed by using NAMD (Version 2.9) (36) with the CHARMM36 force field (37) (38) (39) . Transferable intermolecular potential 3P water was used as the aqueous solution to create simulation conditions that more closely resembled the cellular environment (40) . The solvated systems were subjected to energy minimization to remove energetically unfavorable contacts among water molecules and ions (steepest descent method, 5,000 steps). Each system was performed in the isobaric-isothermal (NPT) ensemble at 1 bar pressure and the set temperature by the Langevin Piston and Langevin Dynamic method, respectively. For all simulations, each system was assigned for 20 ns at 15 and 42°C in triplicate. Trajectories of the structures were collected and stored every 0.002 ns during the simulation. See SI Materials and Methods for more details.
The VMD program was used to visualize and analyze the simulation trajectories (41) . The rmsd of backbone atom positions and the RMSF for individual residues in all models were calculated and compared. The stabilized structure (10-20 ns) was taken from the trajectory of the system to determine the movements of protein backbone and individual residue atoms. The averaged equilibrium rmsd of backbone atom positions and averaged equilibrium RMSF for individual residues were calculated and compared. The differences between the values obtained at 15 and 42°C for rmsd (ΔRMSD) and RMSF (ΔRMSF) were calculated to provide an estimate of protein flexibility. Differences between species were analyzed by using oneway analysis of variance followed by the Tukey's multiple comparisons test (P = 0.05) with GraphPad Prism software (Version 6.0).
